In the present work, numerical modeling was used to study the local behavior of flow and energy variables to understand the underlying physics in a Finned Tube Cooler. The cooler under consideration is a single circular-fin air cooler tube confined in a duct. The optimizations of fin pitch and fin clearance as predicted by Rangan et al. (2003) have been elucidated based on the underlying physical principles involved. The model was further applied to study the augmentation of heat transfer and suppression of pumping power due to symmetric radial slits on the fin surface. Reversal of heat transfer direction is seen in the wake of the tube in the case of an unserrated fin. Radial slits reduce this region by aiding mixing of the flow. The heat transfer performance of the fin is enhanced by 5% by placing symmetric radial slits at the onset of flow separation in comparison against an unserrated heat exchanger. But the pumping power requirements also increase at a similar rate.
Introduction
Heat transfer and the design of heat transfer equipment continue to be a centrally important issue in engineering. In recent decades, there has been increased emphasis on the optimal use of energy and, with increased energy cost, efficient heat transfer has become of vital importance. Moreover, with the recent global promotion of energy efficiency and protection of the environment, heat transfer in efficient utilization of energy plays a major part particularly for energy intensive industries, such as electric power generation, petrochemical, air conditioning, refrigeration, cryogenics, food, and manufacturing. Almost all chemical, process and power plants depend upon the application of heat to produce physical and chemical changes, or to do work. An understanding of the mechanisms of heat transfer and an ability to predict heat transfer rates are essential to the task of building modern heat exchangers. Heat exchangers which have finned tube structure are called finned tube coolers.
Finned tube coolers have been studied for a long period of time. But most work has been experimental and for simplified cases, analytical. Experiments to obtain local behaviour have to be non-intrusive as any probe inserted in the narrow space would change the actual behavior of the flow being studied resulting in incorrect predictions. Hence in most studies, only global predictions are made without much detail about the local behavior. With the increase of computational capabilities of current day computers, a few groups took up the numerical analysis of finned tube The present study makes an effort to understand the heat transfer behavior and pumping power requirements of such a single circular-finned cylindrical tube at a fundamental level. Heat transfer in this case is more complicated than heat transfer from smooth tubes. This is due to the conjugate nature of the fluid flow over the fin surface and the core tube, the effect of non-uniform temperature distribution over the fin, the effect of the complex geometry of finned tubes, and other factors. These factors interact closely with one another and make it difficult to analytically solve the heat transfer from finned surfaces. Therefore a numerical formulation has to be applied. Rangan et al.
optimized the fin spacing and fin clearance based on global predictions using finite volume discritization with PISO method of velocity-pressure coupling. In this work, we seek to explain these predictions based on the underlying heat transfer principles and understand the local behaviour in each case. We further extend the model to investigate the heat transfer performance and pumping power requirements due to the introduction of slits/serrations on the fin surface. 
Modeling
The computational domain considered in this analysis is shown in Figure 1 The fluid faces on the sides in the z-direction are made periodic such that the conditions on the left wall are reflected on the right wall since the model is one of a series of fins. As the computational domain passes through the middle of the fin, the fin mid-plane can be considered insulated on account of symmetry. The entire duct is taken into account, as the duct mid-plane cannot be assumed to have symmetry, due to vortex shedding. The upper and lower walls are considered as real walls and the no-slip condition is applied to them.
The variation in the fin clearance and the fin spacing leads to fifteen different configurations for which models were created and analyzed. Block structured grids were used to discretize the domain. The details of the geometry and grid independence study are discussed in Rangan et al.
.
The governing mass, momentum and energy equations are: dp 
Flow Behavior
The fin spacing has a strong impact on the flow characteristics in the heat exchanger. Ideally we would like high velocities of fluid over the fins which will lead to better heat removal. At a low fin spacing of 1 mm, the flow between the fin spacing downstream of the tube is stagnant causing a loss of performance due to low velocities as seen in Figure 4 . The recirculation region is outside the fin spacing. This also implies that a fin spacing lower than 2mm would lead to a large pumping power requirement due to the stagnation flow downstream of the tube. As little flow penetrates the fin space, this can be visualized as the flow treating the entire fin-tube as a bluff body. As we increase the fin spacing, the recirculation zone moves closer to the tube surface and into the fin space region. For better heat transfer from the fin to the bulk fluid, the heated fluid near the fin needs to be replaced by cooler bulk fluid. A recirculating zone in between the fins would increase the velocities in the region of importance for heat transfer. This would thence result in better heat removal from the fin and tube assembly. 
Performance Enhancement due to Introduction of Radial Slits on Fin Surface
Once the geometry is optimized to provide the best heat transfer performance with minimal pumping power requirement there is a need to develop innovative ways to increase the heat exchanger performance. One such modification is introduction of radial slits on the fin surface. Figure 7(a) shows a large blue area signifying a region of negative heat transfer coefficient. That is, there is reversal of temperature difference. The temperature of the bulk fluid is higher than the temperature of die fin. This means that the heat is transferred from the fluid to the plate. This is highly undesirable. The reason for such a phenomenon is that the fluid which is in contact with the i tube is heated to a higher temperature. Simultaneously, the temperature of the fin drops from the value at the base of the fin along the radius. Due to these combined effects, at certain regions in the wake of the tube, the unusual situation of a local reversal of temperature difference is witnessed and hence reversal in direction of heat transfer occurs, ie., from the bulk fluid to the fin as observed in Figure 7 In the present cases experimented with, the performance with serrated fins with serrations at pan g =80° seems to enhance heat transfer performance but also at the cost of slightly increased pumping power. The serrated fin with serrations at Pang = 60°, though seemingly promising, loses out on performance and requires high pumping power.
Conclusions
The local distribution of temperature and Nusselt numbers confirm the general observations made in Rangan et al. (2003) . The fin clearance has little effect on the heat transfer characteristics. The fin spacing has been found to be the driving parameter. The vortex shedding region changes as we reduce the fin spacing to 1mm.
Reversal of heat transfer direction takes place in the wake of the tube in the case of optimized unserrated case. Serrations reduce this area of reversed heat transfer direction by aiding in the mixing the flow property and hence making the temperature more uniform at a cross-section. Among the two serrations, the 80° serration seems to be the better one. One explanation for this is that the drop in heat transfer coefficient starts taking place from 80° and hence it is advisable to place a serration to interrupt the boundary layer at that particular angle.
The 
